Abstract: Nickel (Ni) metal and Ni compounds are widely used in applications like stainless steel, alloys, and batteries. Nickel is a naturally occurring element in water, soil, air, and living organisms, and is essential to microorganisms and plants. Thus, human and environmental nickel exposures are ubiquitous. Production and use of nickel and its compounds can, however, result in additional exposures to humans and the environment. Notable human health toxicity effects identified from human and/or animal studies include respiratory cancer, non-cancer toxicity effects following inhalation, dermatitis, and reproductive effects. These effects have thresholds, with indirect genotoxic and epigenetic events underlying the threshold mode of action for nickel carcinogenicity. Differences in human toxicity potencies/potentials of different nickel chemical forms are correlated with the bioavailability of the Ni 2+ ion at target sites. Likewise, Ni 2+ has been demonstrated to be the toxic chemical species in the environment, and models have been developed that account for the influence of abiotic factors on the bioavailability and toxicity of Ni 2+ in different habitats. Emerging issues regarding the toxicity of nickel nanoforms and metal mixtures are briefly discussed. This review is unique in its covering of both human and environmental nickel toxicity data.
Many chemical agents, including nickel, can cause allergic contact dermatitis (ACD) which results in inflammation of areas of the skin in sensitized (i.e., allergic) individuals. While nickel ACD can cause pain, inflammation and discomfort, it is not life threatening because it causes a delayed-type allergy (type 4), which cannot trigger anaphylactic shock, contrary to some other types of allergies (type 1, 2, or 3). The development of nickel ACD requires that an individual become immunologically sensitized to nickel. This is termed the induction phase or sensitization phase and the length of this phase varies between individuals. It can range from 1-3 weeks to develop, following days to weeks of prolonged intimate contact in a piercing or on the skin with a nickel-containing article that has released a sufficient amount of solubilized Ni 2+ onto the skin. The quantity of Ni 2+ that is sufficient to induce sensitivity varies with the individual. If the skin is already damaged, sensitization may be induced more quickly and by lower amounts of the solubilized Ni 2+ . Temperature, the presence of other allergic conditions, gender, and age may also be determining factors for (1) susceptibility, (2) the amount of Ni 2+ required for a reaction, and (3) the time to develop sensitization to nickel. Induction of nickel sensitization most commonly originates from body piercing but is also more likely if skin exposure to Ni is combined with irritants and/or moisture that could also compromise the skin barrier.
A nickel-sensitized individual, when re-exposed to Ni 2+ on the skin in sufficient amounts, may have an allergic response within several hours. This is termed the elicitation phase, which often occurs at a lower concentration of Ni 2+ than required for inducing sensitization in the first place. The elicitation of nickel ACD usually only occurs at the site of exposure but it can also occur in skin remote from the current site of contact with nickel, (e.g., at the location where previous nickel sensitization reactions have occurred) [29] .
While oral systemic elicitation of ACD in individuals previously sensitized by direct and continuous prolonged skin contact is well documented to occur in a small proportion of nickel-sensitized individuals (e.g., hypersensitive people), there exists some controversy about the ability to sensitize individuals when nickel exposure is oral, intravenous, or inhaled [30] .
Mechanisms of Nickel ACD
Nickel ions released from nickel compounds, nickel metal, and various alloys may trigger skin reactions when they are absorbed into the skin. These Ni 2+ ions can then bind to and activate epithelial cells such as Langerhans or dendritic cells in the basal layer of the epidermis (see Figure 1 ). These cells produce cytokines or chemokines, triggering complex immune reactions that activate antigen-presenting cells and T cells [31] [32] [33] . As part of this process, migration of activated antigen-presenting cells to the draining lymph nodes occurs, where the bound nickel, as a hapten, is presented to the naive CD4-positive T cells [34] . Nickel differs from classical haptens by its ability to form coordinative bonds with proteins and to directly activate human innate immune cells via the toll-like receptor (TLR) 4 [35] .
Nickel ions released from nickel compounds, nickel metal, and various alloys may trigger skin reactions when they are absorbed into the skin. These Ni 2+ ions can then bind to and activate epithelial cells such as Langerhans or dendritic cells in the basal layer of the epidermis (see Figure 1 ). These cells produce cytokines or chemokines, triggering complex immune reactions that activate antigenpresenting cells and T cells [31] [32] [33] . As part of this process, migration of activated antigen-presenting cells to the draining lymph nodes occurs, where the bound nickel, as a hapten, is presented to the naive CD4-positive T cells [34] . Nickel differs from classical haptens by its ability to form coordinative bonds with proteins and to directly activate human innate immune cells via the toll-like receptor (TLR) 4 [35] .
Future exposure to nickel in sufficiently high amounts (above threshold) would lead to the activation of the nickel-specific T-cells. Migration of these cells into the bloodstream triggers visible signs of allergic reactivity after hours of Ni 2+ exposure [36] . The exact sequence of events and interactions between antigen presenting and immune cells involved in nickel allergy are still being elucidated. 
Sources of Exposure: Nickel Release versus Content
Nickel ACD was first noticed in occupational settings where soluble forms of nickel came into contact with worker's skin [37] . Individuals working in electroplating shops, in battery manufacturing, and with nickel catalysts were the most susceptible to nickel ACD. However, workplace-related nickel dermatitis is now relatively rare due to improved production processes and occupational hygiene measures that limit exposure.
Non-occupational nickel sensitization is well documented. It was first observed in individuals who had skin contact with suspenders in the 1950s-1960s, followed by jean buttons and zippers, then nickel-releasing ear-piercing items and nickel-plated jewelry [38] . The significant differences in prevalence between females and males is sometimes correlated with the much higher prevalence of ear-piercing among women, but other factors such as hormone differences and the tendency for young women to wear more and/or low-quality jewelry than males may also play a role [39] .
The release of Ni 2+ is necessary for causing nickel sensitization and nickel ACD, which are threshold effects (requiring release of ions above a specific amount to cause a reaction). Alloys such as many stainless steels contain nickel but do not release a sufficient amount of Ni 2+ to cause an individual to become nickel sensitized or elicit a nickel ACD reaction if they are nickel-sensitized. Future exposure to nickel in sufficiently high amounts (above threshold) would lead to the activation of the nickel-specific T-cells. Migration of these cells into the bloodstream triggers visible signs of allergic reactivity after hours of Ni 2+ exposure [36] . The exact sequence of events and interactions between antigen presenting and immune cells involved in nickel allergy are still being elucidated.
The release of Ni 2+ is necessary for causing nickel sensitization and nickel ACD, which are threshold effects (requiring release of ions above a specific amount to cause a reaction). Alloys such as many stainless steels contain nickel but do not release a sufficient amount of Ni 2+ to cause an individual to become nickel sensitized or elicit a nickel ACD reaction if they are nickel-sensitized.
To have nickel release from metallic nickel or nickel alloys, the nickel metal must be corroded and the corrosion product dissolved into Ni 2+ . For this reason, sweat or other wet conditions can increase the release rate compared to dry conditions. The risk of nickel sensitization or elicitation of nickel ACD can be managed and minimized through reduced exposure to nickel-releasing items. In the workplace, exposure reduction includes personal protective equipment and other risk management measures. For consumers, exposure can be reduced through avoidance of direct and continuous prolonged exposure to items releasing nickel in amounts greater than the threshold for nickel ACD, and switching to items made from surgical stainless steel (AISI 316L) and other low nickel-releasing alloys, or non-nickel-containing materials.
Accordingly, the European Union (EU) nickel restriction (REACH, Entry 27 of Annex XVII) [40] is based on nickel release, rather than nickel content. Articles intended to come into direct and continuous prolonged contact with the skin must release less than 0.5 µg Ni/cm 2 surface area of the item per week using the standardized methodology to assess conformity and compliance with this specific regulation (EN1811:2011+A1) [41] . Items known to be associated with nickel ACD that are included under the EU nickel restriction include necklaces, bracelets and chains, anklets, finger rings, wrist-watch cases, watch straps, rivet buttons, tighteners, rivets, earrings, and zippers.
Susceptible Populations
Nickel sensitization is not an inherited condition. It is related to direct and continuous prolonged skin contact (i.e., exposure) to materials releasing an amount of nickel sufficiently high to cause sensitization reactions, be that nickel metal, nickel alloys, or soluble nickel salts.
A common cause of nickel sensitization and nickel ACD is body piercing, which involves inserting high nickel-releasing studs into the wound to prevent closure during healing and bypassing the skin barrier. Once healed, with the stud removed, additional contact with nickel in the pierced area may occur by wearing jewelry or posts in piercings that release a significant amount of Ni 2+ .
Individuals who have reactions to other allergens, have overly sensitive skin or other skin diseases, and individuals who sweat excessively have been considered to be more susceptible to nickel allergy. This susceptibility is not unique to nickel but is rather a function of increased immunological reactivity, decreased skin barrier function, or increased corrosion due to sweating. These individuals would be more likely to attend dermatology clinics for treatment of nickel allergy and other skin problems, and would have to avoid not only high nickel-releasing items but also other skin allergens and irritants.
A very small part of the nickel-allergic population is hypersensitive to nickel. These individuals react to lower concentrations of nickel on the skin than most nickel-sensitive individuals. A small fraction of these people also react to oral nickel exposure. Prevention of elicitation in these individuals is important and is done on a case-by-case basis. Regulation and prevention of nickel sensitization and nickel ACD of the general population is not intended to protect these hypersensitive individuals [42] , as they are a small subset of the general population and may need more specific medical advice. While a low-nickel diet is helpful for some of these individuals who react to ingestion of nickel [43] , oral hyposensitization, using gradually increasing low doses of nickel has also been shown to increase the amount of nickel needed to cause a nickel allergic reaction [44] .
Nickel Carcinogenicity
Nickel carcinogenicity is an occupational concern due to the required inhalation route of exposure and high exposure levels. The evidence for carcinogenicity, or lack thereof, of nickel metal and nickel compounds come from epidemiological and animal (rats and mice) studies. These studies indicate that the inhalation route is the exposure route of concern and the respiratory system (lungs and nasal sinus) the target organ for carcinogenicity of nickel compounds. The human and animal evidence supports the respiratory carcinogenicity of nickel compounds but do not identify nickel metal as a respiratory carcinogen. The hazard classifications reflect this difference in carcinogenicity between nickel metal and nickel compounds.
Under the European Union Classification, Labeling and Packaging (CLP) legislation, many soluble and insoluble nickel compounds are classified as Carc 1A, stating that these compounds are known to have carcinogenic potential for humans, based largely on human evidence. This classification specifies inhalation as the only route of concern [45] . Nickel metal is classified as Carc 2, suspected human carcinogen based on insufficient evidence from human studies with suggestive evidence from animal studies via non-relevant routes of exposure. Likewise, the International Agency for Research on Cancer (IARC) classified soluble and insoluble nickel compounds under Group 1, carcinogenic to humans, and nickel metal and alloys under Group 2B, possibly carcinogenic to humans [46] .
Human and Animal Evidence for Nickel Carcinogenicity
High exposures to mixtures of water-soluble and complex-insoluble nickel compounds in workers involved with mining, refining, and processing of sulfidic nickel ores have been associated with excess respiratory cancer risks. No excess respiratory cancer risks in workers at lateritic ore refineries, alloy manufacturing, or electroplating have been observed. A seminal comprehensive study by the International Committee on Nickel Carcinogenesis in Man (ICNCM) examining cancer risks in 10 cohorts of about 80,000 nickel processing and nickel alloy production workers reported an association between exposure to certain sulfidic, oxidic and water-soluble nickel compounds, and respiratory cancer of the lungs and nasal sinus; no association with exposure to metallic nickel was identified [47] . Among the nickel compounds, different chemical forms appear to have different carcinogenic potentials and potencies in the human studies.
Animal studies are useful in elucidating mechanisms of carcinogenesis and determining the source of the carcinogenicity observed in humans (mixed exposures) to specific nickel substances. There are eight relevant lifetime inhalation and oral carcinogenicity studies in rats and mice [48] [49] [50] [51] [52] . The animal studies support the conclusions from human studies that the inhalation route and the respiratory tract are the relevant exposure route and target organ, respectively, for nickel compounds carcinogenicity. No carcinogenicity is associated with the oral exposure route. A recent review of the human and animal evidence for the respiratory carcinogenicity of nickel metal and nickel compounds is provided in the European Chemicals Agency (ECHA) background document in support of occupational exposure limit values [2] .
In interpreting nickel carcinogenicity studies, it is important to realize that exposures in animal studies are to a "pure" nickel compound (a single nickel compound), while exposures in human epidemiological studies are to mixtures of nickel compounds (plus other inorganic compounds). Any potential co-carcinogenic or promoting effect of the different nickel compounds and other inorganic compounds (e.g., arsenic, acid mists) in the human studies will not exist in the single exposure animal studies.
There is generally a good correlation between the human occupational exposure studies and animal studies on the carcinogenicity of nickel and nickel compounds. The evidence from both human and animal studies point to the absence of carcinogenic effects of nickel metal but the presence of carcinogenic effects for sulfidic and oxidic nickel compounds. The only inconsistency between the human and animal evidence relates to the carcinogenicity of soluble nickel compounds [53] . The animal studies have failed to show carcinogenic effect of pure soluble nickel compounds following inhalation and oral exposures. In the human studies, an association between inhalation exposure to soluble nickel (with additional exposures to insoluble nickel compounds) and/or smoking and lung cancer was observed in some groups of workers.
Inhalation Exposure Route
The 1990 ICNCM report [47] concluded that inhalation exposure to mixtures of water-soluble nickel compounds (e.g., nickel sulfate, nickel chloride) and water insoluble nickel compounds (e.g., nickel subsulfide, nickel oxide, complex Ni-Cu oxides) were associated with excess respiratory cancer risk in workers. Much of the excess respiratory cancer risk was associated with exposure to high concentrations More recently, analyses of dose-responses for the main chemical forms of nickel (soluble, oxidic and sulfidic compounds) that included 13 cohorts of nickel workers (~100,000 workers), indicated that no excess cancer risk were observed in these studies when exposures to nickel in the inhalable aerosol fraction were kept ≤0.1 mg Ni/m 3 [13] .
The ICNCM report and subsequent studies found no association between metallic nickel and excess risks of lung or nasal cancer [54] . In two reports where hints of possible correlations between excess cancer risk and nickel metal exposure have been indicated, failure of cross-validation of the test model and non-significant odds ratio after adjusting for confounding exposures suggest that the risks for metallic nickel may have been overestimated [55, 56] . No association has been found between increased respiratory cancer risk and inhalation exposure to metallic nickel outside the nickel refineries, when local populations were used as controls [57, 58] . More recent cohort studies support the lack of association between exposure to metallic nickel and excess respiratory cancer [59] [60] [61] [62] [63] .
In rats and mice, seven lifetime carcinogenicity studies via the inhalation route have been conducted in which the maximum tolerated doses were reached [48- 50, 52, 64] . A 30-month inhalation study with nickel metal powder in Wistar rats did not increase the incidence of lung tumors [52] consistent with an earlier study in rats and mice, that, although compromised by high mortality, also suggested that metallic nickel did not cause cancer [65] . While positive results have been found in one intratracheal instillation study of nickel metal in rats [66] , the doses in that study were shown to not be achievable via the normal inhalation route; intratracheal instillation is a non-physiological and non-relevant exposure route for workers and the public. Other inhalation studies in guinea pigs and hamsters have buttressed the negative carcinogenicity of metallic nickel [65, 67] . Thus, there has been a consistent lack of increased respiratory cancer risk associated with metallic nickel exposures in animals and humans.
The ability of nickel substances to induce respiratory tumors after inhalation may be related to the bioavailability of the Ni 2+ ions at target sites within epithelial cells (Figure 2 ). The bioavailability of Ni 2+ ions in the nucleus of target respiratory epithelial cells is not dictated by just the water solubility of the nickel particle but by the interplay of factors like respiratory toxicity, extracellular and intracellular dissolution, and lung clearance [10] . According to the bioavailability model, it is the delivery of sufficient (above threshold) Ni 2+ ions to the nucleus of respiratory epithelial cells, which is influenced by other factors, that governs the respiratory carcinogenicity of nickel.
Nickel subsulfide exposure induced lung tumors in male and female rats at levels ≥0.1 mg Ni/m 3 respirable aerosol, but not in mice. At the lowest concentration level at which increased tumors were detected, the incidence and severity of chronic lung inflammation in rats was similar between nickel sulfate and subsulfide, even though the tumor outcome was different. According to the Ni 2+ bioavailability model, nickel subsulfide has a high carcinogenic potential due to its low extracellular, but high intracellular dissolution, resulting in the highest dose of bioavailable Ni 2+ in the nucleus of respiratory epithelial cells.
Green nickel oxide induced some tumors in rats, but only at higher exposures (≥1.0 mg Ni/m 3 respirable aerosol) and with no clear dose-response [49] . The low extracellular but medium intracellular dissolution of nickel oxide results in the delivery of above-threshold doses Ni 2+ ions to the nucleus of respiratory epithelial cells, causing the tumors observed in rats. Nickel oxide had equivocal evidence of tumors in female mice. Perhaps mice are not very susceptible to the carcinogenic effects of nickel even tough other metals, such as cobalt, have been able to induce excess lung tumors in mice [68, 69] . Another possibility is that mice have higher thresholds for the nickel cancer-causing mechanisms.
Nickel sulfate inhalation exposures in rats have not induced tumors at exposure levels up to 0.11 mg Ni/m 3 respirable aerosol, and 0.22 mg Ni/m 3 respirable aerosol in mice. A plausible explanation for this is that nickel sulfate is not carcinogenic by itself at the exposure levels that can be tolerated by rats without overt toxicity; in human studies exposures are mixed and soluble Ni can enhance the lung carcinogenicity of more insoluble Ni compounds through inflammatory and proliferative effects. However, the lack of tumors in rats is likely due to the high extracellular but low intracellular dissolution of nickel sulfate that results in the delivery of below threshold or insufficient dose of Ni 2+ ions to the nuclei of respiratory epithelial cells.
Likewise, metallic nickel may have failed to induce lung tumors in rats following inhalation exposure due to its high extracellular but low intracellular dissolution, resulting in low bioavailability of Ni 2+ ions in the nucleus of target respiratory epithelial cells.
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Oral Exposure Route
Besides respiratory cancer, there are currently no consistent and reliable epidemiological data to suggest that nickel causes excess cancer risks at other organ sites. Although excess cancer of the buccal cavity and pharynx, or stomach, or prostate have been reported in some workers exposed to nickel, these findings have been rare and have not been consistently reproduced [46, 70] .
Exposure to soluble nickel compounds, by themselves, via the oral route has not produced tumors in rats [51] or mice [71] . No robust animal studies exist for oral administration of metallic or insoluble nickel compounds. However, the negative results with the most bioavailable of the nickel compounds via the oral route are also relevant for these less bioavailable substances since absorption is needed for any systemic effects.
Dermal Exposure Route
There is presently no human epidemiological study linking dermal exposure to metallic nickel and/or nickel compounds with excess local or systemic cancer risks. For the dermal route, no skin cancers have been reported with exposure to nickel compounds or alloys, and the systemic absorption of nickel through the skin is very low (≤2% for soluble Ni substances and 0.2% for nickel metal). Thus, the epidemiological data do not suggest an association between cancer and dermal nickel exposure. 
Oral Exposure Route
Dermal Exposure Route
There is presently no human epidemiological study linking dermal exposure to metallic nickel and/or nickel compounds with excess local or systemic cancer risks. For the dermal route, no skin cancers have been reported with exposure to nickel compounds or alloys, and the systemic absorption of nickel through the skin is very low (≤2% for soluble Ni substances and 0.2% for nickel metal). Thus, the epidemiological data do not suggest an association between cancer and dermal nickel exposure.
No cancer studies in animals using dermal administration of soluble, insoluble nickel compounds, or metallic nickel have been conducted. However, based on the low dermal bioavailability of Ni 2+ and other physiological considerations, it is not expected that dermal exposure to metallic nickel and/or nickel compounds will be associated with cancer.
Other Exposure Routes
No consistent epidemiological data currently exists linking nickel exposure via other routes (e.g., implants) to cancer. Given the specificity of nickel cancer on the respiratory system, it is not expected that nickel cancer will be associated with routes other than inhalation.
There are various animal studies assessing the carcinogenicity of the different nickel chemical forms following parenteral, intratracheal instillation, intraperitoneal and injection administrations [2] . However, these routes of exposure are not appropriate nor physiologically relevant for metallic nickel and nickel compounds. For example, while local sarcomas at sites of injection of nickel metal powder were found, the relevance of these findings for the assessment of nickel metal respiratory carcinogenicity or other carcinogenicity in humans is highly questionable [54] .
Nickel Compounds' Genotoxic and Carcinogenic Mode of Action
Generally, carcinogenic substances can be direct-acting genotoxicants, indirect-acting genotoxicants, or substances that cause cancer via non-genotoxic modes of action. For direct-acting genotoxicants, all exposure levels are assumed to be associated with some degree of excess cancer risk. Direct-acting genotoxic agents are positive in bacterial, germ cell, and mammalian cell mutagenicity tests and interact directly with DNA. Nickel compounds have been consistently negative or showed weak effects in bacterial, in vitro and in vivo mutagenicity tests. Nickel ions have a weak interaction with DNA but a preferentially stronger interaction with proteins. For example, Ni 2+ has binding constants of 6.7 × 10 −1 M −1 and 4.37 × 10 9 M −1 for adenosine (nucleic acid) and cysteine (amino acid), respectively [72, 73] . Nickel and nickel compounds are therefore not considered to have a direct genotoxic mode of action (MOA) [2] .
For indirect-acting genotoxic agents and non-genotoxic agents, threshold exposure levels can be identified below which cancer risks are expected to be negligible. Indirect genotoxicants can damage DNA via secondary mechanisms like generation of reactive oxygen species (ROS) or inhibition of repair. Table 1 summarizes the genotoxicity evidence for nickel and provides examples of relevant references. In vitro, nickel compounds have been shown to cause DNA damage (such as fragmentation, single-strand breaks) indirectly through increased formation of oxidative radicals. Nickel compounds enhanced the induction of sister chromatid exchange, chromosomal aberrations and micronucleus formation in vitro. Nickel compounds have also been shown to increase formation of DNA-Protein crosslinks.
Additionally, nickel compounds are known to inhibit DNA repair enzymes in vitro; Ni 2+ ions competitively inhibit the repair enzyme ABH2 by binding to the same site as Fe 2+ [74] . DNA repair inhibition may also occur via inhibition of DNA ligation and post replication repair. Non-genotoxic modes of action include the induction of epigenetic effects that can affect gene expression. Nickel compounds can increase histone phosphorylation (H3S10), methylation (H3K4), ubiquitination (H2B and H2A) and decrease histone acetylation (H4) through decreased histone acetyltransferase activity (Table 1) . Nickel compounds can induce selective fragmentation or decondensation of heterochromatic long arms of X-chromosomes (Table 1) . Recent reports also suggest that non-coding RNAs play a role in nickel respiratory carcinogenesis [75] [76] [77] ; see the review "The role of Non-coding RNAs Involved in Nickel Induced Lung Carcinogenic Mechanisms" by Zhu et al. in this issue.
The in vivo genotoxic effects of nickel compounds in the lung are observed following inflammation and macrophage activation that results in indirect oxidative DNA damage. Preventing inflammation would therefore prevent the indirect genotoxic effects and prevent tumor formation. The indirect genotoxic and non-genotoxic effects of nickel compounds have thresholds below which these effects are not observed. This furthers support the bioavailability model wherein nickel carcinogenicity depends on the delivery of sufficient amounts of Ni 2+ ions to the nucleus of respiratory epithelial cells [10] . Taken together, the totality of the evidence supports an indirect genotoxic and/or non-genotoxic MOA with thresholds for nickel carcinogenesis. Increase via increased expression of caspase 8 in workers [116] Histone modifications *Hypermethylation Positive at H3K9 [117, 118] In workers at H3K4 [119] [120] [121] *Hyperphosphorylation Positive at H3S10 [122] *Hyperubiquitination
Positive, inhibiting deubiquitinating enzyme activity [123] *Hypo/hyperacetylation Hypoacetylation via inhibiting histone acetyltransferase activity [124, 125] Increased H3K9 acetylation in steel workers [121] Oxidative stress, ROS production Positive [78, 124, 126, 127] Positive in rats and mice [80, 128, 129] Oxidative DNA lesions linked to nickel levels [130] a Mixed results indicates that both positive and negative effects were observed.
Reproductive and Developmental Toxicity

Human Epidemiological Studies
In 1994, Chaschschin et al. [131] published a preliminary qualitative report of an apparent increase in spontaneous abortions and structural malformations in newborn babies whose mothers were employed in the Russian nickel refinery at Monchegorsk. These workers were exposed via inhalation to a mixture of water-soluble and water-insoluble nickel compounds, as well as metallic nickel. Due to this concern, a large epidemiological study of the Russian cohort was launched in 1995 to determine whether the observed effects were due to their workplace nickel exposures or to other factors in the workplace and/or ambient environment. Researchers set up a birth registry for all births occurring in the region during the period of the study, which included information on 22,836 newborns and 2793 pregnancy outcomes surveyed for spontaneous abortions [132, 133] . Exposures were reconstructed (using air and urinary nickel measurements) for the female workers at the refineries to be able to link specific pregnancy outcomes with occupational exposures via inhalation and systemically bioavailable doses of nickel (i.e., urinary nickel levels). A series of reports by Vaktskjold et al. [132] [133] [134] [135] based on results from this study indicated that exposure of female refinery workers to soluble nickel was not associated with adverse pregnancy outcomes for (1) male newborns with genital malformations, (2) spontaneous abortions, (3) small-for-gestational-age newborns, or (4) musculoskeletal effects in newborns.
Background urinary nickel levels in the female Monchegorsk population had a geometric mean of 5.9 µg/L, the low-exposure refinery workers had urinary levels up to 70 µg/L (~12-fold increase in urinary levels) and the high-exposure workers had urinary levels between 70 and 179 µg/L (up to 30-fold increase in urinary levels). Urinary nickel levels are better indicators of fetal exposure, as they account for systemically absorbed Ni 2+ from occupational and non-occupational sources (e.g., diet) by all routes of exposure. The data from this study showed no correlation between nickel exposures (urinary levels as high as 30-fold over background) and observed reproductive impairment. Further evidence that nickel exposure was not adversely affecting the reproduction of these women was provided by the lack of a "small-for-gestational-age" finding and the lack of an association of male genital malformations with nickel exposure. Both endpoints are considered "sentinel" effects (i.e., sensitive endpoints) for developmental toxicity in humans.
Other epidemiological studies have been carried out to examine potential associations between nickel exposure and reproductive and developmental outcomes in both occupational and environmental exposure. While there are population-based studies that examined potential associations between nickel exposure and reproductive and developmental outcomes; these studies suffer from limitations derived from their reliance on single pollutant models to assess risks in multi-pollutant studies. These studies are useful to generate hypotheses; yet, they are not robust enough to establish reliable evidence of causality. For example, a comparison of the low birth weight results from Ebisu and Bell [136] to those in the refinery workers' study of Vaktskjold et al. [132] demonstrates that the risks predicted from the population study were not realized in workers with daily air nickel intake levels 60 to 376-fold higher than the minimal needed to detect these effects with sufficient statistical power.
Studies in Animals
Potential fertility impairment due to exposure to nickel compounds (including the most bioavailable forms) has been extensively studied, and no effects on fertility have been found. There are several reliable 13 week and one-and two-generation studies utilizing inhalation or oral administration of water-soluble nickel compounds in rats that have not indicated adverse effects on fertility, estrous cycling, sperm parameters, vaginal cytology, copulation and fertility indices, precoital intervals, gestation lengths, gross necropsy findings and histopathology [137] [138] [139] [140] [141] [142] . Because reproductive toxicity effects are related to the bioavailable Ni 2+ at target sites, the lack of fertility effects following exposure to water-soluble nickel compounds (which have the highest bioavailability) is also relevant to water-insoluble nickel compounds and nickel metal, which have lower bioavailability [143] . Therefore, based on reliable studies, neither water-soluble nickel compounds, nickel metal, nor insoluble nickel compounds carry harmonized classifications for fertility effects in the EU (see Part 3 of Annex VI; CLP Regulation) [144] .
While no fertility effects were reported in these studies, adverse developmental effects have been consistently observed following exposure to water-soluble nickel compounds such as nickel sulfate and nickel chloride in rats and mice. The most sensitive effect observed in rat studies was perinatal mortality, or an increased death rate of the offspring around parturition [138, 141, 142, 145] . While no other developmental effects, including malformations (i.e., teratogenesis), were identified in a rat prenatal developmental toxicity study with water-soluble nickel chloride at the maximum tolerated dose of 42 mg Ni/kg bw/day [139, 140] , nickel chloride was shown to cause malformations (e.g., microphthalmia) in a prenatal developmental toxicity study in mice at 46 mg/kg bw/day and other teratogenic effects at higher doses [146] . Based on these studies, soluble nickel compounds are classified as Repro 1B for developmental effects, with the most sensitive effect being perinatal mortality in rats. For comparison, toxicokinetic data indicates that oral exposure to insoluble nickel compounds or metallic nickel (micron-size powder or massive form) would not allow enough absorption of Ni 2+ to exceed the threshold for developmental effects in rodents with soluble nickel compounds (i.e., there is 100-fold lower oral absorption of nickel from nickel metal compared to soluble nickel compounds in rats [143] ).
Conclusions on Reproductive Toxicity
While developmental toxicity was observed in high-dose oral animal studies with water-soluble nickel compounds, an epidemiological study of female workers exposed to nickel metal and nickel compounds at exposure levels higher than present in current operations [132] [133] [134] [135] has not indicated adverse developmental effects in humans. Thus, the threshold-mediated developmental effects observed in rodents (1) may not be relevant to humans or (2) may not have been observed in the exposed human population because even the highest measured for female workers' exposure (e.g.,~179 µg Ni/L in urine) was lower than the levels achieved in rats at the most sensitive LOAEL for reproductive effects (2300 µg Ni/L in urine). In either case, the relevance of the positive results in rats with soluble nickel compounds (at what seem to be concentrations not relevant to human exposures) needs to be considered together with the negative results for the highest exposed human population in a weight of evidence approach [145] . At the very least, the data indicates that humans do not appear to be more sensitive to developmental toxicity effects of Ni 2+ than rodents.
Non-Cancer Lung Effects
Inhalation of nickel-containing aerosols can result in acute as well as chronic effects in the respiratory tract. Acute effects, such as upper respiratory irritation, pneumonitis and even death have been described in workers exposed to very high levels (≥0.5 mg Ni/m 3 ) of very fine nickel-containing particles (e.g., welding fumes <0.5 µm particle diameter and spraying of nanosize powders <25 nm particle diameter) [147, 148] . Some cases of acute exposures to water-soluble nickel substance aerosols have been associated with asthma attacks in sensitive individuals. Potential non-cancer effects associated with repeated exposure to nickel-containing aerosols include chronic bronchitis and lung fibrosis [5, 149] . While inhalation animal studies with Ni sulfate, Ni subsulfide, Ni oxide and Ni metal have reported the presence of inflammation at the histopathological level after chronic exposure, fibrosis has also been noted after repeated exposure to Ni sulfate and Ni subsulfide.
Studies of respiratory disease in nickel-exposed workers are limited [150, 151] but have not indicated that nickel exposed workers experience pneumoconiosis to any significant extent. The overall incidence of irregular opacities (ILO ≥ 1/0) in X-rays taken at a nickel refinery (4.5%) was not significantly different from the incidence among "normal" X-rays from a hospital (4.2%) and was lower than for X-rays from quarry workers (13.6%) [151] . It should be noted that an X-ray finding does not necessarily correspond with a functional diagnosis of lung fibrosis e.g., [152] . More information on respiratory disease can be obtained from mortality studies. Studies of tens of thousands of workers (many of whom would have experienced very high nickel exposures have not indicated increased mortality from non-cancer respiratory disease) [57, [153] [154] [155] [156] . A comparison of the animal (histopathology) and workers (X-ray) findings suggest that humans are not more sensitive to lung toxicity effects than rats.
Regarding occupational asthma, even though there are tens of thousands of workers exposed to metallic nickel and water-insoluble nickel compounds in primary and secondary nickel production facilities, grinding applications, catalyst manufacturing etc., only a few anecdotal reports of nickel-related asthma exist e.g., [157, 158] . Although nickel is a weak to moderate skin sensitizer, it is not necessarily a respiratory sensitization, since the type of immunological reaction is different for the skin and respiratory sensitizations [158] [159] [160] . While soluble nickel compounds are classified as respiratory sensitizers in the EU, the evidence linking soluble nickel exposures and hypersensitivity reactions of the respiratory tract indicate low sensitization potential. Some case reports have shown positive responses of subjects to inhalation challenges; yet, the presence of IgE (indicative of Type I immune response), the appearance of early or late responses (indicative of Type I or IV immune responses, respectively), the correlation with positive skin tests and other signs of immunological reactions have been quite inconsistent among studies [160] .
Nickel Exposure in the Environment
Exposure Sources in the Environment
As a naturally occurring element, nickel substances are present in all compartments of the environment at background concentrations. Chemical and physical degradation of rocks, and soils and atmospheric deposition of nickel-containing particulates release nickel into ambient waters [1, 161] . Natural sources of airborne nickel include soil dust, sea salt, volcanoes, forest fires, and vegetation exudates, accounting for about 16% of the atmospheric nickel burden [1, 162] .
Human activities that contribute to nickel loading in aquatic and terrestrial ecosystems include mining, smelting, refining, alloy processing, scrap metal reprocessing, fossil fuel combustion, and waste incineration. The primary human sources of nickel to soils are emissions from smelting and refining operations and disposal of sewage sludge or application of sludge as a fertilizer. Secondary sources include automobile emissions and emissions from electric power utilities [161] . Weathering and erosion of geological materials release nickel into the environment [162] , and acid rain may leach nickel from plants into soils as well [1] .
Emissions of nickel can be influenced by many factors, including specific production methods, fuel sources, and pollution control measures. The variability of these factors spatially and over time make it difficult to quantify emissions with accuracy.
Interactions between Nickel and Natural Chemical Parameters and the Concept of Bioavailability
Nickel substances present in the environment interacts with ecosystems and the organisms that live there, with the type and degree of reaction depending on the speciation of the nickel substance. When nickel in the environment reaches sufficiently high concentrations, it can be toxic to plants and animals. It has been well documented that the amount of nickel that will cause toxicity is highly dependent on a range of factors, including the intrinsic sensitivity of the organism, the geochemical conditions of the environmental media, the presence of other stressors in the environment, and even the route of exposure [163] [164] [165] . This concept, known as "metal bioavailability", is a measure that reflects the exposures that organisms actually "experience" and is driven by a combination of the physico-chemical factors governing metal behavior and the specific physiology of the organisms. A substance is bioavailable if it can be adsorbed or absorbed by an organism with the potential for distribution, metabolism, elimination and/or bioaccumulation [166] .
Research has demonstrated that the free Ni 2+ ion is the most bioavailable and toxic form of nickel in the environment [167] [168] [169] [170] [171] . Soluble compounds, like soluble nickel salts, are associated with high bioavailability, while sparingly soluble compounds, like some nickel oxides, are less bioavailable. Understanding the chemical characteristics of the media in which exposure occurs is as important as characteristics of the organism (e.g., physiology) when assessing potential bioavailability of nickel. These geochemical characteristics influence the chemical species of nickel in the media, as well as the distribution of nickel between different environmental components, like complexes with organic matter or other inorganic species.
Water
Research has demonstrated that the most important water chemistry parameters affecting bioavailability and toxicity of nickel to freshwater organisms are hardness, pH, and the amount of dissolved organic carbon (DOC) [167] [168] [169] [171] [172] [173] . These parameters drive the two fundamental chemical processes that occur in natural waters when nickel is present. The first is complexation, where DOC forms complexes with dissolved free ionic Ni 2+ , thereby reducing the quantity of Ni 2+ that is available to bind to the site of biological activity on the organism, sometimes referred to as the biotic ligand. The term 'biotic ligand' is used to conceptually describe the fact that binding sites within the organism are subject to the same chemical processes as abiotic ligands (e.g., HCO 3 − , Cl − , etc.).
From this conceptual perspective, the amount of metal that is bound to the biotic ligand is proportional to adverse effects. The second process affecting bioavailability and toxicity is competition, which describes the interaction between similarly charged ions, such as calcium (Ca 2+ ), magnesium (Mg 2+ ), and protons (H + , expressed as pH). These cations will compete with nickel for binding sites on the biotic ligand. For nickel, it was observed that these interactions result in the following trends: as pH increases, toxicity increases; as hardness increases, toxicity decreases; as DOC increases, toxicity decreases [167] [168] [169] [171] [172] [173] . This means that nickel bioavailability and toxicity can vary considerably among different freshwater systems with different pH, hardness, and DOC conditions. Also, it means that toxicity tests with the same aquatic species that are performed under different water quality conditions can result in different toxicity conclusions. To remove the influence of chemical conditions on the outcome of toxicity tests, tests should be conducted in the same type of water or should be normalized to similar water quality conditions.
One way to normalize a dataset is to "correct" the data to a common water quality condition using a bioavailability-based toxicity model, like the Biotic Ligand Model (BLM) [164, 174] . The BLM is a mechanistically based model that was developed to describe metal bioavailability and toxicity to freshwater organisms [175] . For nickel, chronic BLMs have been developed and validated for the invertebrates Ceriodaphnia dubia and Daphnia magna, the fish Oncorhynchus mykiss, and the green alga Pseudokirchneriella subcapitata) [167] [168] [169] . Acute BLMs are available for invertebrates and fish [176] . For more information on data normalization, see Section 4.3.1.
Currently there are no bioavailability models for assessing the impacts of nickel on marine organisms although recent research suggests that nickel toxicity to marine organisms is highly dependent on quantity and chemical composition of DOC in the ecosystem [177, 178] . Toxicity tests with shrimp (Americamysis bahia), sea urchin (Strongylocentrotus purpuratus, Evechinus chloroticus) and mussels (Mytilus edulis) have been used to investigate nickel bioavailability relationships in marine waters [177, 178] . Research demonstrated that toxicity is controlled by organic carbon content, but DOC quantity alone may not always be the best predictor of toxicity [178, 179] . Efforts are currently underway to develop marine BLMs using the data developed in these experiments.
In recent years, the BLM has increasingly been used in the regulatory setting, for instance to develop new water quality standards that ensure the protection of aquatic plants and animals [180] [181] [182] . The Environmental Quality Standard for nickel under the European Water Framework Directive accounts for bioavailability [183, 184] .
Sediment
Like the aquatic compartment, nickel toxicity from contaminated sediments can rarely be predicted from total metal concentrations because of the influence of the sediment geochemistry and the biochemistry, physiology, and behavior of benthic organisms [185] . Sediment parameters known to affect metal bioavailability include total organic carbon (TOC), iron (Fe) and manganese (Mn) oxides, and the relationship between acid volatile sulfides (AVS) and simultaneously extracted metals (SEM) [186, 187] . AVS and SEM can be used to predict bioavailability in anoxic sediments containing sulfides that react to form insoluble metal complexes, while Fe and Mn oxides control bioavailability in oxic sediments. In anoxic sediments, AVS is the amount of amorphous iron sulfide in sediments available for binding to the metals, while SEM is the amount of metals in sediment that could be available to biotic receptors. When the amount of SEM exceeds AVS content, the metal in the sediment may be bioavailable [188, 189] . Di Toro et al. [190] demonstrated that normalizing the molar difference between SEM and AVS by the fraction of sediment organic carbon is an even more precise estimate of metal bioavailability.
Nickel sediment bioavailability was investigated in a research program examining chronic toxicity of several nickel-spiked sediments containing a wide range of AVS concentrations on ten test species. Based on the results from these studies, bioavailability models were developed [186, 187, 191] . For all species tested, the sediment parameter showing the strongest linear relationship with toxicity was AVS, indicating that as AVS concentration increased, nickel toxicity decreased [186, 187, 192] . The empirical relationships developed between sediment toxicity endpoints and AVS concentration allow nickel ecotoxicity data to be normalized to different sediment conditions. Although the inverse relationship between toxicity and AVS was consistently observed for all species, the magnitude of the effect was not similar among species, and these differences appear to be linked with organism behavior. The strongest mitigating effects of AVS are observed for those species with an epibenthic lifestyle, such as H. azteca, S. corneum, and G. pseudolimnaeus [187] .
Soil
Research has demonstrated that when considering the bioavailability of nickel in soils, the most important factors in determining the ecotoxicity to soil organisms are metal form (chemical species), ageing, and soil characteristics [193, 194] . Nickel can enter the soil environment in different forms, such as soluble or sparingly soluble compounds. Additionally, laboratory soils spiked with nickel (or other metals) often show greater toxicity than field contaminated soils with the same nickel concentration. The greater toxicity of nickel in spiked soils compared to corresponding field contaminated soils is associated with the time between the addition of nickel to soils and the measurement of toxicity [194] . These concerns can be addressed by leaching and ageing the soil after spiking. It has been demonstrated that the bioavailability and toxicity of nickel in spiked soils tend to decrease with time after spiking and is dependent on soil pH [194] .
As with the aquatic and sediment compartments, the toxicity of nickel in soil is highly dependent on the characteristics of the environment. Specifically, nickel toxicity to plants, invertebrates, and microbial processes decreases as the effective cation exchange capacity (eCEC) of the soil increases [194, 195] . The eCEC is a measure for the sum of exchangeable cations plus extractable acidity held on or near the surface of negatively charged material, such as clay or organic matter, at native soil pH (measured at the native pH of the soil). Chronic regression bioavailability models for nickel have been developed using laboratory data. These studies show that accounting for ageing and leaching (via a leaching-ageing factor) and accounting for differences in soil properties significantly explains variation in nickel toxicity for all endpoints tested. It was observed that chronic Ni toxicity was best correlated with the eCEC of the soils and the same trends were observed for all the species tested: as soil eCEC increased, chronic toxicity decreased [194] . The application of bioavailability models to normalize nickel soil toxicity data can be found in Section 4.3.4.
Ecosystem-Specific Nickel Ecotoxicity
Identification, Screening and Aggregation of Nickel Ecotoxicity Data
Ecotoxicity data for nickel are widely available. The data described in this paper were obtained from existing critical reviews of the literature, which are available for temperate [196] and tropical [197, 198] ecosystems. These reviews followed data screening approaches consistent with those reported previously [181, 196, 199, 200] .
Abundant acute ecotoxicity data are available for nickel for a wide range of organisms; however, given the current preference for chronic ecotoxicity data in global regulatory processes, acute data will not be discussed [181, 196] . The current global regulatory focus is toward ecosystem-level protection, with environmental guidelines and standards being based on chronic, rather than acute toxicity endpoints. To this end, chronic laboratory ecotoxicity data based on ecologically relevant endpoints (e.g., growth, reproduction, mortality) are the focus, where "chronic" refers to adverse effects caused by exposure to nickel for a substantial (>10%) portion of the lifespan of the test organism, or effects experienced during the most sensitive life stage [201] .
To be classified as reliable chronic nickel ecotoxicity data, several data quality criteria need to be satisfied, including the use of soluble nickel salts (e.g., NiCl 2 , NiSO 4 , etc.), full reporting of methods employed during toxicity tests, satisfying minimum performance in control treatments, and full reporting of analytical chemistry data (including the quantification of nickel exposure during the test). Toxicity threshold values calculated as L(E)C10 (the concentration that causes 10% effect during a specified time interval) values are preferred; however, NOEC values (No Observed Effect Concentration) are seen as equivalent.
Nickel ecotoxicity varies as a function of the chemistry of the relevant environmental matrix (i.e., water, sediment, soil). Modern ecological risk assessment of metals relies on the ability to normalize ecotoxicity data to a common set of chemistry parameters to remove the influence of inter-test chemistry differences on test organisms. The ecotoxicity data described in this paper have been normalized for bioavailability using established approaches for freshwater [172] , soil [194] , and sediments [202] . To perform bioavailability normalizations, ecotoxicity data must be accompanied by the appropriate environmental chemistry data, i.e., pH, dissolved organic carbon (DOC), and hardness (Ca 2+ and Mg 2+ ) for freshwater data, effective cation exchange capacity (eCEC) and pH for soils, and acid volatile sulfides (AVS) for sediments.
Statistical extrapolation using Species Sensitivity Distributions (SSD) are increasingly used in ecological risk assessments when large ecotoxicity datasets are available. SSDs are appropriate when the ecotoxicity datasets are representative of the ecosystem to which they are applied. For example, for freshwater systems, the ecotoxicity dataset should include data for algae, invertebrates, and fish that include different life history strategies and feeding behaviors. SSDs are constructed by applying an appropriate curve fitting distribution (usually a log-normal distribution) to the normalized high-quality aggregated chronic toxicity data [203] . The concentration associated with the 5th percentile cumulative probability is calculated from the SSD. This value, referred to as the HC5 (hazard concentration at the 5th percentile) represents the concentration that is protective of 95% of organisms in the SSD, and corresponds to protection goals expressed by many regulatory jurisdictions.
Freshwater
High-quality chronic ecotoxicity data are available for a wide range of freshwater aquatic organisms, including unicellular algae, vascular plants, invertebrates, fish, and amphibians. Nys et al. [172] normalized Ni ecotoxicity data (n = 31 species) for a high bioavailability scenario (pH = 8.1, hardness = 165 mg CaCO 3 /L, and DOC = 3.8 mg/L), and calculated an HC5 of 8.1 µg Ni/L. When normalized to this condition, the most sensitive species include invertebrates, unicellular algae, and vascular plants. Among invertebrates, the most sensitive species is the snail Lymnaea stagnalis, which has consistently exhibited sensitivity to Ni exposure in different studies [171, 172, 204] . Cladocera have also consistently demonstrated sensitivity, with the most sensitive species within this group being Ceriodaphnia dubia. Evidence supporting cladoceran sensitivity is broad, with studies from Europe [172] , North America [171] and Australia [165] all demonstrating that C. dubia is among the most sensitive species in normalized SSDs.
The majority of nickel ecotoxicity data have been generated for temperate species. Application of these data to tropical ecosystems, which are increasingly important in terms of global nickel production, carries uncertainty because of differences in taxonomic groups (e.g., corals live only in tropical systems) and the distribution of chemistry parameters known to influence nickel toxicity. Binet et al. [197] critically reviewed the literature for available nickel ecotoxicity data for tropical species, and only identified high-quality data for four species, including one unicellular alga, two vascular plants, and one invertebrate. The low number of available tropical data suggests that additional testing of key species (crustaceans, gastropods, and fish) may be necessary to develop a robust tropical dataset. On the other hand, Peters et al. [205] demonstrated that normalized sensitivities of tropical and temperate species to nickel overlap, despite differences in species, temperature, and geochemistry. This means that tropical ecotoxicity data, which are relatively few in number, can be pooled with the broader temperate ecotoxicity data to develop a comprehensive and robust database that can be used in ecological nickel risk assessments regardless of location.
While the freshwater ecotoxicity dataset for nickel is among the most extensive for any chemical substance, uncertainty exists when applying data from single species laboratory toxicity tests to field conditions. Mesocosm and field studies can address this uncertainty. Hommen et al. [206] performed a four-month exposure to a freshwater community that included species known to be sensitive to nickel, including L. stagnalis and several species of cladocerans. The water used in this study (median pH, DOC, and hardness = 8.6, 3.9 mg/L, and 107 mg CaCO 3 /L, respectively) represented a high nickel bioavailability condition. The most sensitive species was L. stagnalis, which is consistent with the ranking of sensitivities for single species tests. A study-specific No Effects Concentration of 12 µg Ni/L was reported, which is greater than the HC5 from an SSD comprised of laboratory ecotoxicity endpoints normalized to the water chemistry conditions of the mesocosm. Peters et al. [207] determined bioavailable nickel concentrations above which benthic macroinvertebrate communities were affected. They showed that the most sensitive benthic organisms were snails, and that the bioavailability-normalized HC5 based on laboratory results was protective of (i.e., lower than) the effects based on field data. Together, results of Hommen et al. [206] and Peters et al. [207] show consistency in terms of the sensitivity of snails to nickel exposure, and they demonstrate that the bioavailability-normalized HC5 can be used confidently in ecological risk assessments of Ni without the application of additional uncertainty factors.
Several regulatory agencies have used nickel ecotoxicity data to generate threshold concentrations that are meant to be protective of aquatic life. In 2013, the European Union announced an Environmental Quality Standard (EQS) based on chronic ecotoxicity data for 31 species [208] . The EQS is bioavailability-based and uses a reference value of 4 µg Ni/L that represents conditions of high bioavailability in Europe. The EQS is implemented using a tiered approach. In cases where dissolved Ni concentrations exceed the reference value of 4 µg Ni/L, local or regional water chemistry data (pH, DOC, and hardness) are used to calculate a bioavailability-based EQS for that area [164] . If dissolved Ni concentrations are below the site-specific bioavailability-based EQS, then a conclusion of no risk is assessed.
Marine
Chronic nickel sensitivities among marine organisms vary greatly. DeForest and Schlekat [209] compiled available high-quality chronic ecotoxicity data for temperate marine organisms and demonstrated a 7 × 10 3 difference in EC10s among 17 species. The most sensitive species in this review was the early life stage of the sea urchin Diadema antillarum, with an EC10 based on developmental success of 2.9 µg Ni/L. On the other hand, fish are among the least sensitive organisms, with an EC10 for the sheepshead minnow, Cyprinodon variegatus, of 2.1 × 10 4 µg Ni/L. Wide ranges of sensitivities are observed within specific marine phyla. For example, DeForest and Schlekat [209] report additional EC10s for the sea urchins Paracentrotus lividus and Strongylocentrotus purpuratus ranging from 89 to 335 µg Ni/L. More recently, Blewett et al. [179] reported a developmental EC50 for the sea urchin Evechinus chloroticus of 14 µg Ni/L, which is equivalent to an EC10 of approximately 2.8 µg Ni/L, again illustrating the wide range of sensitivities within a given taxonomic groups.
Coastal marine and open ocean environments are highly consistent in terms of pH and ionic composition (e.g., Ca and Mg concentrations). The one water chemistry parameter that does vary is DOC, and while Ni toxicity has been demonstrated to vary as a function of DOC quality [179] , the relationship is non-linear, and shows a less than two-fold difference among natural waters varying in DOC concentration from 1 to 5 mg/L [177] . Therefore, the differences observed among closely related species cannot be attributed to differences in water chemistry, and instead reflect true differences in intrinsic sensitivity.
No bioavailability normalization approaches are available for Ni in marine systems, and as a consequence, all of the data reviewed here are expressed as dissolved concentrations. A marine EQS under the EU WFD of 8.6 µg Ni/L was established in 2013 [208] , -based largely on the chronic ecotoxicity data reported by DeForest and Schlekat [209] . The US EPA ambient water quality criterion for dissolved Ni in saltwater is 8.2 µg Ni/L and was developed using a completely different ecotoxicity dataset and derivation approach.
Recently, ecotoxicity data have been generated on tropical marine species to address questions about the relative sensitivity of nickel in temperate and tropical ecosystems, and on the sensitivity of obligate tropical species like corals. Gissi et al. [210] tested tropical marine species including a gastropod, a copepod, and a barnacle. While the gastropod (EC10 = 64 µg Ni/L) and barnacle (EC10 = 67 µg Ni/L) were within the range of similar temperate species, the marine copepod was highly sensitive to Ni exposure, with an EC10 of 5.5 µg Ni/L. A range of endpoints have been measured for coral, including fertilization (Acropora aspera, NOEC < 280 µg Ni/L; Acropora digitifera, EC10 = 2000 µg Ni/L; Platygyra daedalea, EC10 > 4610 µg Ni/L; [211] ), and the integrity of the coral microbiome associated with A. muricata (NOEC > 9050 µg Ni/L; [212] ). These studies showed that corals are not especially sensitive to Ni exposure. High-quality chronic ecotoxicity data aggregated in an SSD yielded an HC5 value of 8.2 µg/L Ni, which is in the range of existing threshold concentrations for temperate species.
Sediment
Sediments represent a sink for many contaminants entering aquatic ecosystems, and this includes metals like nickel. The EU REACH legislation includes an assessment of effects to sediment organisms [213] , and chronic nickel ecotoxicity data were recently generated to satisfy this obligation. Fewer standardized sediment toxicity test methods are available for sediment organisms compared with water column organisms, so non-standard tests were also used. The generated dataset met the requirements for using refined risk assessment approaches like SSDs and bioavailability normalization.
An important methodological step when testing the toxicity of metals like Ni in sediment phases is controlling the diffusion of Ni to overlying water during testing. Earlier testing efforts showed that Ni concentrations in overlying water reached toxic levels, e.g., [214] creating difficulty in attributing adverse effects to nickel in sediment phases. Brumbaugh et al. [215] developed a methodology that limits diffusion of nickel from sediment phases to the overlying water. The approach includes neutralizing sediment pH to relevant levels (adding soluble metal salts to sediments decreases sediment pH) and exchanging overlying water to maintain non-toxic overlying nickel concentrations. The resulting distribution of nickel among pore water and sediment phases is similar to that of field-contaminated sediment and is therefore relevant for estimating Ni toxicity in real world situations.
High-quality chronic ecotoxicity data exist for eight species of freshwater benthic invertebrates, including amphipods, oligochaetes, insects, and molluscs. In low-bioavailability sediments, the amphipod Hyalella Azteca is the most sensitive organism, with an EC10 based on biomass of 149 mg Ni/kg [186] . The least sensitive species is the oligochaete Tubifex, with a biomass EC10 of 1100 mg Ni/kg [202] . Using empirical bioavailability relationships to predict nickel toxicity based on sediment chemistry parameters, Schlekat et al. [202] reported ranges of HC5 values from 136 to 437 mg Ni/kg for sediments ranging in AVS concentrations from 0.77 to 38.4 µM/g dry weight (dw), which represents the 10th to 90th percentile distribution of European freshwater sediments.
Few data are available for marine or estuarine sediment organisms. Chandler et al. [216] showed that the benthic copepod Amphiascus tenuiremis was more sensitive to nickel exposure than the amphipod Leptocheirus plumulosus in water-only exposures. In sediment exposures, however, no adverse effects were observed to A. tenuiremis in sediment nickel concentrations as high as 676 mg Ni/kg, whereas L. plumulosus experienced toxicity when sediment nickel concentrations exceeded 334 mg Ni/kg. This demonstrates the need to collect sediment toxicity data from appropriate testing as opposed to extrapolating water-only data using approaches like equilibrium partitioning.
Extensive field information is available on effects of nickel to sediment ecosystems [192, [217] [218] [219] . Costello et al. [192] demonstrated that nickel toxicity decreases over time, and that no effects associated with nickel exposure are detectable after 58 days, despite sediment nickel concentrations exceeding 4500 mg Ni/kg. Costello et al. [220] demonstrated that this decrease in toxicity can be explained by a transition in partitioning and mineralogy from more labile sediment phases like sulfides to more stable phases like iron oxides. Mendonca et al. [221] demonstrated that nickel bioavailability is controlled by iron oxides in a field contaminated site. Together, this information suggests that the bioavailability-based HC5 using laboratory ecotoxicity data is highly protective of effects that are observed in the field.
Soil
Ecotoxicological data are available for a range of soil organisms, including plants and soil invertebrates. Microbial processes and enzymatic activity are also considered relevant for ecological risk assessments of chemical substances on soil ecosystems. When adjusted for leaching and ageing and after normalization to soil eCEC, the most sensitive endpoints-organisms have been shown to be enzymatic activity like dehydrogenase, growth of microbes such as Aspergillus clavatus, and growth of plants like Lolium perenne [194, 222] . The variability within these groups is high, and examples of insensitive endpoints can be found for each of these groups of soil organisms. Invertebrates like earthworms and collembola are the least sensitive groups.
When aggregated in an SSD, a European ecotoxicity soil dataset showed HC5 values ranging from 8.6 to 194.3 mg Ni/kg, for soils ranging in eCEC from 10.4 to 36.0 cmol/kg (Figure 3 ). This range represents the 10th to 90th percentile of eCEC for European soils. Ecotoxicological data are available for a range of soil organisms, including plants and soil invertebrates. Microbial processes and enzymatic activity are also considered relevant for ecological risk assessments of chemical substances on soil ecosystems. When adjusted for leaching and ageing and after normalization to soil eCEC, the most sensitive endpoints-organisms have been shown to be enzymatic activity like dehydrogenase, growth of microbes such as Aspergillus clavatus, and growth of plants like Lolium perenne [194, 222] . The variability within these groups is high, and examples of insensitive endpoints can be found for each of these groups of soil organisms. Invertebrates like earthworms and collembola are the least sensitive groups.
When aggregated in an SSD, a European ecotoxicity soil dataset showed HC5 values ranging from 8.6 to 194.3 mg Ni/kg, for soils ranging in eCEC from 10.4 to 36.0 cmol/kg (Figure 3 ). This range represents the 10th to 90th percentile of eCEC for European soils. Hale et al. [222] compared soil laboratory toxicity data to endpoints measured under field conditions. The field data included a study in which soluble NiCl2 had been added to Chinese soils varying in eCEC (15.2 to 37.1 cmol/kg) and pH (5.3 to 8.9). Laboratory data normalized to the field soil chemistry were protective of the same endpoints measured in field studies with the exception of a soil with low pH (5.2) and relatively low eCEC (15.2 cmol/kg). This suggests that situations of high bioavailability, i.e., low soil pH (<6.5) and low eCEC (<15 cmol/kg), require special attention in terms Hale et al. [222] compared soil laboratory toxicity data to endpoints measured under field conditions. The field data included a study in which soluble NiCl 2 had been added to Chinese soils varying in eCEC (15.2 to 37.1 cmol/kg) and pH (5.3 to 8.9) . Laboratory data normalized to the field soil chemistry were protective of the same endpoints measured in field studies with the exception of a soil with low pH (5.2) and relatively low eCEC (15.2 cmol/kg). This suggests that situations of high bioavailability, i.e., low soil pH (<6.5) and low eCEC (<15 cmol/kg), require special attention in terms of risk assessment.
Mechanisms of Toxicity
Our understanding of the mechanisms of Ni toxicity to aquatic organisms is limited, despite many studies that have explored potential mechanisms of action for nickel. Evidence exists in the literature to support several possible mechanisms, including disruption of trace element and ion homeostasis (e.g., Ca, Mg, and Fe), allergic reactions of the respiratory epithelia, disruption of energy metabolism, and oxidative stress [223] .
A negative relationship between increasing water hardness and nickel toxicity to aquatic organisms has been well documented [173] . Studies have shown that increasing Ca 2+ reduces nickel toxicity to a variety of aquatic and terrestrial animals [173] . In contrast, studies indicate Ca 2+ has no effect on nickel toxicity to aquatic or terrestrial plants, suggesting nickel uptake occurs via different mechanisms in plants [223] . Additionally, increasing Mg 2+ concentration reduces Ni accumulation and toxicity in a variety of organisms (daphnids, oligochaetes, rainbow trout, and frog embryos) [167, 173, 224, 225] . Increasing Mg 2+ also reduces nickel toxicity in terrestrial [170] but not aquatic plants [226] . Competitive interactions between nickel and iron observed in several biological systems in both aquatic and terrestrial environments suggest that disruption of iron homeostasis by nickel may be an important mechanism of action [223] .
Nickel is a well-known contact allergen in humans; however, while T cell activation by nickel in fish gills is a potentially viable mechanism for an allergic response, it is not considered a likely mechanism of action for nickel toxicity in fish or invertebrates [223] .
Alternatively, formation of reactive oxygen species (ROS) is a potential mechanism for nickel toxicity in all organisms. While there have been few studies investigating the effects of nickel on excessive ROS generation in aquatic animals, there is extensive literature in mammalian and terrestrial plant systems, showing that at elevated levels, ROS will damage various cell structures including lipids, membranes, proteins and nucleic acids (oxidative stress) [227] . Overall, it appears that nickel-induced oxidative stress may be a viable mechanism of action in aquatic and terrestrial systems, although it is not clear if oxidative stress occurs at environmentally relevant concentrations and if so, whether this stress at the cellular level translates into significant effects at higher levels of biological organization for multi-cellular organisms [223] .
Bioaccumulation and Trophic Transfer Potential
The bioaccumulation of chemical substances is addressed in risk assessment because of concerns related to the direct toxicity of a bioaccumulated substance and the potential for trophic transfer of the substance via biomagnification. In general, inorganic metals are subject to homeostatic control, and do not exhibit biomagnification [228] . Bioconcentration factors (BCF), which represent the ratio between tissue concentrations and dissolved concentrations, are relatively low for nickel. For example, a median nickel BCF for bivalves of log 2.43 was reported by the European Commission [196] ; this value is below the threshold of log 3.0 that triggers evaluation of secondary poisoning effects. Furthermore, the median soil nickel bioaccumulation factor for earthworms was 0.3, indicating low risk of exposure to small mammals and birds that feed on earthworms [229] . An exception to the general conclusion of low bioaccumulation of Ni by soil organisms occurs in serpentine soils, where natural nickel concentrations can exceed 10,000 mg Ni/kg. Plant species that have developed specific adaptions to tolerate these conditions are referred to as hyperaccumulators, and tissue Ni concentrations in these plants can exceed 24,000 mg/kg [230] . Generic assessments of nickel bioaccumulation intentionally exclude data from hyperaccumulators. In general, the conclusion of the European Commission [196] was that nickel exhibits biodilution, i.e., a decrease in tissue concentration within increasing trophic level. Therefore, effects associated with the trophic transfer of nickel are of low concern.
Emerging Issues
Mixtures
The fate and effects of nickel in the environment are well understood; however, in the environment, metals do not often occur singly, but as mixtures with other metals and contaminants. When metals occur together, they can interact with each other or with other ligands (e.g., DOC) and potentially affect the bioavailability and toxicity of each individual component [231] . To address these complexities, metals mixture models are under varying stages of development [232] [233] [234] .
Two general modelling approaches can be applied to understanding the toxicity of chemical mixtures to the environment: concentration addition (CA) and independent action (IA) [231] . In CA, substances have a similar mode of action, and in IA (also known as response addition), substances have different modes of action. Nickel in the aquatic compartment, when combined in binary or ternary mixtures with other metals, does not necessarily exhibit a strictly response-additive toxicity in invertebrates or fish [235] [236] [237] and responses depend on the other metals present. For instance, Traudt et al. [236] found that acute Ni + Cd mixtures resulted in less-than-additive toxicity to D. magna neonates, while Ni + Cu mixtures resulted in greater-than-additive toxicity and Ni + Zn mixtures resulted in response-additive toxicity. Results from chronic studies with L. stagnalis similarly showed that trends from binary metal mixtures (including nickel) were highly dependent on the metals combinations [238] . Cremazy et al. [238] found that for chronic binary studies with L. stagnalis, the IA model was the most accurate and the CA model was the most conservative. They concluded that for binary combinations, the simple CA model may provide adequate protection from the chronic metal toxicity of metal mixtures to aquatic invertebrates [239] . There have been significant advances in the last ten years on metal mixture toxicity in the environment and though some bioavailability models have begun the effort to accurately predict the resulting toxicity of multi-metal mixtures, more questions remain to be answered before metal-metal interactions are fully understood and metals mixtures can be considered in regulatory frameworks.
Similarly, human health effects in epidemiological studies are associated with exposure to mixtures of substances, making determination of the toxicity relationship (e.g., additivity) of nickel substances with each other and with other substances difficult. Recent rat intraperitoneal toxicity studies and mathematical modeling of binary and/or ternary combinations of manganese, chromium (VI) and nickel demonstrated additivity and/or subadditivity of combined subchronic toxicity effects [240, 241] ; these effects were influenced by dose, effect level, and type of effect assessed. In another study, with oral gavage administration of soluble forms of zinc, copper, manganese, chromium, cadmium, lead, mercury and nickel to rats, systemic toxicity, mortality and effects on neurobehavioral function were observed dose-dependently at the two highest mixture exposure levels of 464 and 1000 mg/kg bw [242] . Here, the interactions (such as antagonism, synergism, additivity) were not accounted for.
Welding fumes provide a good example of how integrating human and animal toxicology can be used to understand the toxicity of mixtures of nano materials. Exposure to welding fumes has been demonstrated to increase lung cancer risk among welders of stainless or mild steel [243] . During welding, particles in the submicron, nanometer range are generated [244] . These particles are made of oxides of iron and manganese (when welding mild steel) or iron, manganese, chromium and nickel (when welding stainless steel); these particles are generated from the electrode or flux material [243] . In A/J mice studies using a two-stage model for lung carcinogenicity, oropharyngeal aspiration of freshly generated stainless steel and mild steel welding fumes could act as a lung tumor promoter [245, 246] .
When individual metal oxides were tested in the two-stage mice model it was surprising to find that inhalation of iron oxide (Fe 2 O 3 ) significantly promoted lung tumors, while neither mixed chromium oxides nor nickel oxide did [246] . Combining human studies with exposures to complex mixtures and animal studies with exposures to individual components can help understand risks associated with metal mixtures [247] .
The above studies demonstrate the necessity of, but also the unique challenges with, conducting studies on metal mixtures to appropriately mimic human exposures occupationally and in the environment. However, emerging technologies and alternative animal models (such as organotypic cultures or organ-on-a-chip) makes the testing of metal mixtures easier. A case-by-case approach for risk assessment of metal mixtures may be more prudent.
Nanoparticles
The small size and unique properties of nanoparticles have increased demand for their use in many consumer products today. Manufactured and engineered nickel nanoparticles have primarily commercial and industrial uses, including conductive coatings, lithium ion batteries, fuel cells, electrodes, catalysts, ceramics, additives, etc. [248] . Nanoparticles are generally tightly bound or well-integrated into most end-products for consumer use [249] , thus greatly reducing the potential for inhalation or dermal exposure on the part of the general public.
Occupational exposure in manufacturing and research laboratories could be a concern for workers during production and handling of nickel nanoparticles. Additionally, hot processes such as welding can generate exposures in the nano size range. In vitro and in vivo studies suggest that these nickel nanoparticles are primarily associated with lung toxicity, inflammation, oxidative stress, and apoptosis, e.g., [250] [251] [252] [253] [254] [255] [256] [257] . Recent inhalation studies indicate possible differences in toxicokinetics between NiO nanoparticle and larger micron particles [48, 252, 253, 256, 257] .
Although there are many recent studies evaluating both the health and environmental effects of nickel nanoparticles [254, 255] there is still uncertainty with regards to the toxicity of nanoparticles in general. For instance, some intratracheal instillation or pharyngeal aspiration studies suggest that nickel oxide nanoparticles are more toxic (e.g., lung inflammation, allergic response) than larger nickel oxide micron particles [254, 256] . However, an in vitro study with nickel metal nanoparticles indicated that the nanoparticles were not more toxic than larger nickel metal micron particles [257] . Additionally, reliable studies are needed to increase our knowledge of the reproductive and carcinogenic effects of nickel-containing nano-powders. For example, there is a study indicating that oral exposure to nickel metal nanoparticles at relatively high levels (5-45 mg/kg bw) caused perinatal mortality in rats [258] . However, because of some statistical and methodological limitations of the study, further research is needed to evaluate the accuracy of this report.
In the environment, nickel nanoparticles appear to pose a low ecological risk to aquatic organisms [258] [259] [260] [261] [262] . In the Ispas et al. [255] study, zebrafish were treated with three different nickel nanoparticle sizes resulting in less toxicity than the larger soluble nickel. Another aquatic study showed that soluble micron nickel appeared to result in more toxicity compared to nickel nanoparticles in marine calanoid copepods [261] . Unfortunately, very little reliable toxicity and exposure information is available regarding terrestrial organisms. With continued research and increasing knowledge in this growing field, it will be easier to clarify the health and environmental toxicological profiles of nickel nanoparticles.
As discussed in Section 5.1, above, the combination of nickel nanoparticles with other metal nanoparticles can have unexpected outcomes, such as reduced or additive effects, depending on the specific toxicity endpoint, the metal nanoparticles involved, and the percentage of each component in the mixture; this is shown in intraperitoneal injection and in vitro studies comparing and combining nickel oxide and manganese oxide or cobalt oxide nanoparticles [263] [264] [265] [266] . The results from these studies suggest that the toxicokinetics and toxicity profile for combined exposures to metal nanoparticles (e.g., occupational exposure) may differ from what could be predicted from each of the individual nanoparticle components alone.
Conclusions
The main human and environmental health effects associated with exposure to nickel and its compounds have been summarized in the previous sections. The bioavailable Ni 2+ ion dictates the human health toxicity and environmental toxicity of metallic nickel and nickel compounds. Thresholds for the toxicity of Ni 2+ have been identified, below which the toxicity associated with exposure to metallic nickel and nickel compounds may not be observed. Table 2 provides a summary of key threshold values for the main human and environmental toxicity effects of concern.
This review is the first to integrate the human health toxicology and ecotoxicology of nickel, emphasizing the presence of threshold effects and the central role of the bioavailable Ni 2+ ion in driving toxicity. Table 2 . Thresholds for nickel toxicity corresponding to the main routes and health effects of concern to human health and for the main environmental compartments.
Human Health Effects
Endpoint (Underlying Studies and Data)
Threshold Values a Reference NACD (human) Dermal-NOAEL = 0.44 µg Ni/cm 2 skin/day a [267] Oral-BMDL 0.1 = 4.3 µg Ni/kg bw/day adult (in addition to diet) [145] Respiratory cancer (human) Inhalation-practical threshold = 0.1 mg Ni/m 3 inhalable aerosol [13] Inhalation-practical threshold = 0.5 µg Ni/m 3 ng/m 3 PM10 aerosol [268] Respiratory non cancer (animal) Inhalation-NOAEC = 0.03 mg/m 3 (Ni sulfate) respirable aerosol [13] Inhalation-NOAEC = 9.4 µg/m 3 (Ni sulfate) PM10 aerosol [268] Reproductive (animal) Oral-BMDL 0.05 = 1.8 mg Ni/kg bw/day adult [145] Environmental Health Effects
Compartments Threshold Values a Reference
Freshwater Bioavailability-based EQS = 4 µg Ni/L [208] HC5 = 7.1 to 43.6 µg Ni/L for EU waters representing the 10th to 90th percentile of bioavailability conditions [196] Marine water [194] a Values are based on, or derived from, the most bioavailable chemical form of nickel (i.e., water soluble nickel compounds) but are generally applied to "total nickel".
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